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DIRECTOR 
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A. F. COLEMAN 
EXECUTIVE OFFICER 


Capt. Everett E. Mann 
Room 5-233 


Dear Sir: 


Com. #. S. Keats prepared his master thesis, The Turning 
Performance of Airplanes, under my supervision. The subject 
matter of this thesis was familiar to him by virtue of his 
experience as a Naval aviator. For this reason he was able 
to delve more deeply into the problem than the average student 
and hence his contribution was more profound. I know that the 
material in his thesis will be a valuable reference for the 
government projects under way in our laboratory, and feel sure 
that his thesis will have a bearing on the tactical use of 
existing and future aircraft. It was a pleasure to have a man 
of his experience and enthusiasm as a student. 


My only criticism of his thesis involves the presentation 
of material. The primary results of his investigation should 
have been discussed in the body of the report, relegating the 
mathematical analyses to the appendices. He is planning to try 
his new idea in flight in order to check his theoretical conclu- 
sions. When he does, his work should make an extremely worthwhile 
report. 


His thesis was of honor level, and hence his Institute 
grade was H. 
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Professor Joseph S. Newell 
Secretary oi tte Faculty 
Massecnusetts Institute of Pec: nology 


Cambriave 39, Massachusetts 


Desr Professor Newell: 


In accoraance wits tue re-uletions of the 
feculiy, I hereby su:mit a tnesis entitled, "Tue Turnin, Per 
formence of Airplanes", in partial fulfillmen: o1 tre require- 
ments for tis de. ree o. Master o: Science li. Agron&utical En- 
~ineering 


Respectiull; submitted, 
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OBJECT 


1. To investigete tie turnin: performance ol ulrplenes 
employing tie concepts of redius of turn end angular velo~ 


city of turn as criteria, 


2. To énalyse the results in terms of airplene desi.n 


péremeters ana cirplane rli_nt paraneters. 


3. To consider successively steady turos in level flight, 


turns in &@ spiral, and turns in non-steady tligot. 


4. To meke calculations applicavle to -oth propeller driven 


airplanes and turco-jet airplanes. 


*O 





Fi nvtse airplanes snoo.t thelr -uns elmost invar- 
debly in wurniu, maneuvers. Tre turning performance of a 
fignucr is & measure ol its ability to bring ics ,uns to 


bear O.. L1t8S tar.et. 


W..e1 One Tipit. r opposes another flizater tne ene 
,a,ement often results in a tail cnage in cireuler flivat 
resemt-lin, a Gow fi,st. Tne turne of both tighters are 
Steady turns in level tligut oc & spiral. T-ese ure turns 
of nearly minimum radius where tue fishter witr te maxd- 
Mum én, ular velocity cen pain toe favorable firin: position 


ast=srn olf iis opponent. 


Wien @ tigater opposes a vomber tne fl-nt-r exe~ 
cutes attacks in wnicn he approaches t:e vcomber in a fliht 
patn durin, wich his »uns ere always pointed sli.itly a:need 
of the tomber. This maneuver reculres tie Ti,nte: to ily in 
vurning flignt except for t..6 rere cases of approach irom 
directly eheau or astern of tne Lomber. Tne turning tli. nt 


of the fishter is entered into from straignt tlignt ana is 


& non-steedy turn. 


Althougn otner tatics rot requiring turns are 
possitle with oxistin, wespong, ana méy be required fy 
new weapons, t.ese turning maneuvers have \|cen enployed 
during two World Wars end ere in ,enerel fevor at pre- 


sent. 


Tne analysis oi turnin, performance is, tnere- 
fore, necessary in determinin, the desi,;n oi fighter eir- 
lanes, and once tney ere sullt, in tlyia, them to the 
3 # , 


best advanta-.e. 


B. 


HISTO-ICAL 


Although tue turning performance of airplanes 
is touched upon briefly in most general text books in 
asronautics, thie publisned literature in the United States 
devoted exclusively to the subject is limited. So far es 
can be determined, tnere La no publisned literature on 


non-steady turns. 


The ilrst, ana undoubtedly the best, monograph 
on the subject wes written in German by FE. Salkowski and 
reprinted by tne Netional Advisory Comuivtee tor Aeron&u- 
tics. Tne concept of tue non-dimensional performunce perae 
meter is developed in tris report, und by thot means & 
systemutic theory of turnin; flight is Luilt up. Salkowski | 
did not answer meny of the pressing questions or turning 


performance but he showed the way to findin, the answers. 


One Britis! paper on this subject wes printed in 
1952, but excepv. for this the period between wars was de~ 
void of turning performance literature. During the last 
war interest in fignter turnim, performence eat hin altitudes 


was evidenced. The prospect oi improving turning performance 


by the use oi flaps also received some attention. 


Unfortunately for this subject, otner natters ine 


fluenced fighter desizn more tnen turnin, performunce. The 


publisned investi,ations were (peomea ace and inconclu- 
sive. There is no eviuence o: itlaps betm, desi.ned spec- 
ifically vor improvement oi turnin,. Flaps were desi;ned 
for landin,, and take oif end only occasionally used for 


turni Tlg, e 


OYMBOLS 


DEFINITION 
Thrust of jet or propeller 
Totel dregs of cirplane 
Total lift of airplane 
Lift coefficient of eirplane 
Dreg coefficient or sirplane 


True Velocity olf airplane relitive 
to the air 


Wing area of airplane 


Welgnt ol Airplene 


Density o: gir at tre altitude 
under consideration 


Radius of curvature of the flight 
path 


Centrifugal torce in the turn 


Vector sum of Centrifugal force and 
weignt olf airplane "Resultant Force" 


Accelleration ol the airplane along 


its flight path 


UNITS 
pounds 
pounds 


pounds 


ft/second 
2 
ft 
pounds 
3 
slugs/ft 


ft 


pounds 
pounds 


m/aee” 


t? 
3 
3 
Rs 





xi 


DEFINITION 


Angle of bank 


Inclination of the flight path 
to tne horizontal "anjzle ol dive" 


Angulsr velocity 


Newton's constant of proportionality 


Ratio ot thrust to weight otf airplene. 
"“TInveras Thrust Loading." 


patio of resultant force to weligat of 
the sirplene. "Accelleretion in grevities 
units", 


Power output ot an on, ine-propeller 
comvination et a given altitude. 


Parameters of propeller driven airplazes, 
level fli.ut. 


Parameters of propeller driven airplines, 
Spiral. 


Component of true velocity in the vertical 
direction, positive downward. 


Thruet of a turboejet en vine &t a piven 
altitude. 


UNITS 
rediens 


rudians 


radiens/sec 


ft ance 


ftelis/sec 


2 a 


(1) 


(2) 


(3) 


(4) 


(-) 


( ) 


(") 


(¢) 


(9) 


ACOUMPTIONS 





Tu t mo @diip or wikia exists. 


Tie Umeust Miu dg act imM: directvtom ten, cae to che 


Da. Lie power ontpul of Tae engine isetUWe camer in a 
tush) ob in Stiieut Cligit, «il otherotiiii.s being con 


$e.) 


VTE (itis 


Ther toe polars of te cirplenme Lz Ladependeit ol zltitude 


end velocity. 


Tra: tigre if sto e.2ect co. Lie poler due to é:gine power. 


Tit th: airplene polars represents & co.:tinuous tunctioneal 
relitionsiip tLetween OC, and C.. 


L D 


_plone 


h- 


Ti: > t.. elevetors are lenge enou,h te meke tum « 
rl, &% wny an, le o: attack up to tie stall. 

{hat tup tuens. Lo a propeller driven eirpline is inversely 
proportion.1] 10 the velocity. 

TT. tH unrust th a jet ea oe iz incependent o: the 


velo C 1 ty ° 


CHAPTER I 


GuNeiéAL EQUATIONS ¥FO:. A STEADY ‘URN. 


The sirplene in a stead, turn in tne horizontsel pleine 


will ve coisidered first: 


Tne equations of motion «ere; 


7” 1 
i= 2 = 5 VS Cy lbs (1) 
5 
- fe Qed, wg : , 
L= | W +P. 5s WSC, les @ 
“ 
_ W YV 
Pag : EF Lis (3) 
Solvin. tor R 
3 ; 1/2 
V 2 Z 
Z 5 = E y § Ce -—- V | 
~~ ak v* 
cs g 3 oa a 
= VS 
je we es 
(§ ves) “ 


lo 


\K/S 
ie ccs ee: 
d oi 
Ge) [ - wv 1/2 
(Vo) * 
W/S 


Solvin:, ior = 


; Wine 
uy. vGofa'-oTh3 
~ w/S 
1/2 
e ba ~~ W a 
" w/S Ges - &p 3) | - 


These equations nold true ior any type of power plent. 


(4) 


jie 


CHAPTER Gt 


PROPELLE.:« DRIVEN ATRPLANES IN LEVEL FLICHT 


or a propeller driven gi: plane 


T 3 los (¢) 


<i 


where P is the power output of the ew ine propeller com- 


binztion al any altitude in ft - Lbos/bec 


Comtining witi equation (1) yields 


p 1/3 

y = b maa | ft/sec (7) 
Gn, 
P's 

- 2 4 1/3 

t = |? 3 § Gy | Lbe (8) 
28, 4 ¥3 | 

és |: a Pass a 

W ue | 

Let 
ped. 1/3 
—— = KR 8 non-Gimension:- 1] paremeter. (10) 


a) 


4. 


rewritin, eguations (4) ana (5) in terms 0: equations 


(9) and (10) 


a 
‘ 3 L/3 Te ny (11) 
(5 g) Cr e Cy 
ra 
eee _2 oy 
| oe a “De 
Ww £2. K o 2/5 x rad/ 96 (aa) 
w/S D 


“rom equation (11) it is seen tast tue radius 01 turn 
is governed 6) Utto win, loeding, tne -ir density, and the 


| Z Cp 3 
quantity C ~ 5 which mey hea celled the charac- 
K 


teristic cquentity tor the suarpest turn. This character- 
istic is u» function of tne airplane polar anc tiie parameter 
K wisicu is itseli a function o. density, wing loedinz, and 


power losdin-. 


If curves ol isc cuavacteristic quentity versus Cy are 


plotted ior various values oi K tne, appear ss Fie. (<) 


13 


Since the minimum R corresponds to tne maximum 
C, - {t is udvanta,eous to fly at the velues 
L or 


of Ch ag snown by the heavy line on tne graph. 
fhe value of K which igs just sufficient to give a zero 
value of wns charucteristic quentit, at its maximum corres- 


ponds to the K at the atsolute ceilin:. 


a: Ay, 
It is 0 an (13) 
“ 
ans 1/3 1 
ij Fs) Fo enw ne (14) 
L v 
Cy 


So tnut tne «irplane can just maintein level flignt if it 
3 


2 
ao 


is flown eat Cr when K is the K of absolute celling. 


Mak e 


Tne maximum value of tte characteristic quentity can be 


found by difierentiny it wir respec: to C, and setting the 


D 


result equil to Zero. 


4/; 
4 6%. 2 = 0 (15) 
ee = 
dc_ : K* 
D 

C, “3 

K = Soe 1/2 (1: ) 
Grace 


iW 


Thus 68 K increzses CS approichexs zero and the 
apymptote o: tne curve ol maximum valu.s of th: chuar= 
acteristic quantity 1s tic line correzpondin. to Ch =O, 
the stall point. 


AS & préctic:1] matte: , siicé tue stall occurs in 
& Wide re.ion, for velucs ol K above .§ the minimum vulue 
of R mey be considered ev the stell point. When K is very 
gmoll, at bist: eltitudes, o:3 minimum radius oi turn ig 
outeined vy flyin, at on angle of attack below tne stall 


point. 


No matter now lerze K Wecomes the maximum value of 


: ; K 
the enerectsristic quentity cannou exceed Cy » TruS, && 
K pecomes lar.e wae intluence o: powsr o:. the redius of 


turm Cecouses luss acu less. Fo. lur le velues ot K equa- 


tion (11) me, be written --- 


i/S 
aS —. ft. (lla) 
eC L 


So tnt io: elrplawves wivi. ler.e amounts o. power, 
4ne pener:.1 c.se up to th: critical eltivude, cedius of 
turn is dep=ndent only on win, losd.n., air densit, und 


Ge 


ED 


Equation (lle) is tre Limiting case waere the 


an, de of bunk epproacnes 30°, 


The quickest turn, a& revresented by equation 


(12) is dependent upon tre win, loudin,, the alr den- 
6? ¢% 

sity ena its characteristic quantity K L D ° 
=" > ager 

Cy, 3 K 


This characteristic quantity is a Dunction ot K ana the 


polar. 


The plot of tie cherectcoristic quantity for the 


quickest turn versus C, is shown in Fiz. 3. 


D 


Bince the maximum W corresponds to the maocitem 


GP ANS 
K a aw it ic advantageous to fly at the 
c, 3 Ok 


velues of Cy as shown 6n tie heavy line on tne graph. 


fne value of K wiich corresponds to tero rote 6f 


turn, or tie ebsolute ceilin,. is 


‘J 
o” oP 
fat === 6 
Cy Fg 
which ylelds 
Zz 1/3 
Cy i 
S K = | —.- i oe ere (27) 
2 t | 
e 
Ch 


&9 wise obtsigsed from minimum redius considerstions. 


lo 


The meximum rate of turn occurs when 


Cy 0y/5 
KR mns ) < wae. ids & meximum 
op? ay 


or when 


¢ Mf 3 UV, 
a (18) 


ta ae 
(3, C, Ot - C) 


2s a nress : t- : -PO& : 
Thus es K lacrecses (3 G Cr Cy Cy } approaches 


zero and the asymptote of the curve is ths line corres- 


pondin, tos 


ae 


ee 

BC, Cy Oe, '- Cc," = 0 (19) 
2 3 

Cy Cy 
-—— tree = 0 (20) 

oy Cp 
which 4g tne podnt on the polar where | 6,7 reaches ites 

ii 


maxitsum velue. 


ey 


The quickest turn is flown at anples or attack 
Walch approach the sn,lv o1 attack corresponding to 
3 
¢ 


ee ones max e 


Cy 


As 2 practice] matuar, lor values of K. over .5§ 


the maxioum velue of W muy be considered to he at tne 


L_ point. 


Very low vilues of K woich oceur et :ioh eltituses 


require « reduction in tic ele of attack. 


Unlike cadius o. turn weich becomes independent of 
K at large valuee of K, rate of turn is always dependent 


on K. For lercs K equetion (12) pvecomas 


. tot. 97 Ye 
e % G s /= ae 4 . 
vw = ne he | if | ’ “a ie . (Le v) 
% ? 
W/3 or 
¢ ? i. c 4 2, UY 3 a OLE te: + mt zt 7 1 3 . 7 
4 . } iy P.* ‘ 2a oie 


ry 


18 


For s fixed wing loadia, ang eltitude K may 
be considered an inverse function 0: the ectuel power 


loadin,, where 


(2) [eye 


Comvininy, equztion (1248) and ecui.tion (10) 


Que. 2 

oe (=) a” | og 1/3 Rad / 

w= a -=- ee (12%) 
Ws)" ww.) Sp 


Walon holds true onl, tor Larz.e values of P cnd d. 
For most airplenes eyuation (12%) is 4a -cod epproxi- 
Macvion up to tie critical altituue for lull whrottle 


operation. 


Analysis o1 equation (1Zb) snows t.. t win, loed- 
in. affects rave of tucu es the inverse square wiile 


pows., locding @ iiects rate or tura only inversely. 


Tue cuickest turn and une suecpest turn are flown 
&t Gijterent venules of attack. JTu.c Guickes: turn cor- 


3 7 
responds to tue point or t « poles where Cr is & mex- 


Cp 


imum ena tie Suarpest turn to the point on tne polar 


iy 


where C. reacres its meximum. Cine toe value of 


L 


C. increases very slowly wit. lierge cnzn-es of C 


L D 
at engles of attack close to tict lor Cc. mux, tne 
an,le of attuck corresponuin,; to C 3 is lower 

——— eX 
Ch 


than ti.t correspondin. to C, mux. 


L 


Velocity is inverseél, proportionel to the cube 


root of C_. as determi:ed in equetion (7). Tie redlus 


D 
of turn is inversely, proportioned to we saquere root 
. | - 4/3 
oi the quantity C K D as determined in 
L 2 


K 


equation (11) en. s:own in Fig. (<). 


Tris me; explain oue o. wir tecinigues of tie 
do: fizent. A successrul pilot eiwa.s vlies 3. tie 
anvle oL attack correspo:.cding to th: quickest turn. 
He can shoot down an O; ponent who attempts to acileve 
toe minimum redius o. t rn, vecause bowl. planes will 
heve the seme radius of turn wivuin « Law feet fut the 
onw wich flies at tne ex le or avtuck corresponding 
to tie quickest turn will f1) tne tester. TNe pilot, 
wo ilies fester will 


ev into shootin, position be- 


t 
em 


nind nis opponent ona awake o& kill. 


2U0 


CHAPIN: ITT 
PROPELD!E A DRTVitw 2 LT UPLANEY IN A SPI-AL 
A power spiral mey te & delitn-rate maneuver on 
Lie pert ot the pilot ov may result inedvertently from 


& ub, nly vbenked turn wicn trsufficient power to meine 
t. Pp 


tein level trading, Li. iit. 


I: & power sple.l equation (1) ecomes 


Do 
Waeres the wo le A. is —eésuced to ive «we positive sense 


downk:.rda. 


EGvé pion (z<) *) daclu.li- te atierte oi the de- 


«© norizontsl tecomes 


ct 
ft 


flemtio: o1 Wh. fli it pel. tran 


ee : 


r 
K. é. a oer 
= |(Weeos ue) “ + F s@2Q&V C, lbs (gz 
1 4 e C c 3 Ww L ~ 
‘4, kee Va ol @gu.ticno (2) we SOLVitiget OF on 
\ /3 
ei ee SO OMG OR DY <P wee awn eee en aay ee One se aetna CD So ae oe tencaadae * aMamee eae neeraees ny ae eae ar 
. 7+ 
a é a - Lfe ft 
(4 ) = ~ Vt. — , f. ‘) 
4 + _ : : 
\ 
7 % ae se ees 


“ 
ne 
ee 

3 
i 


where Ve is ths vertical velocity; o: sescent. 


fmploying equation (t) end eqution (24) to 


equation (21) 


5 Sy Cy = ~ + W sin Ay 


< 
i 


P+ wv, 1/3 ft/sex (25) 


PEPE AO RE RD 


5 5 Cy 


ii 


T # W sin A P+W Ve 


SE 


D 





V 


T+ V¥ sin & ree Oe EY )" 
D Z 3 5 ©, 





| 6: =e z 4 
—_ Ell * |\(P+s v,)° d cs a C 1/3 
W cos 2 ~: ye © gee ; 
* “D W cos Ar, 
Let 
(P+ ¥V.)* v7 
i, = 2) 5 8 
u i ee, i Me: (?®) 
Ww bar Ay 


& uore-dimengsion Ll ovreaseter. 


Equetion (23) mey be re-writtes Jor small values 


of An 
K/S 
X= oe (eee 
d 2 4 L/kK 
(= g) | - Cp 2 
Rn 
Ke 
Solvin;, for Ww 
y P+w¥V 1/3 d 
Ww =) = es ee (= &) 
R Zz 
esc 
2 D 
u/3 
g e* Ye C. . 
Wx a K Es - 
W/S . Ch 3 


2/ 
C, 3 


<7 


er) 
Et 
o, 4/3 Ve 
Cae ne 
L zx 
K. 
1/2 rad/sec 
(28) 


Equations (27) und (<8) ere the same &B equations (11) 


end (12) {or horizontal flicht except thst the parameter 


K. haé replaced K. from equations (10) asd (26) the 


ratios of K, to kK ie 


; - 2 4/3 
(P+ V,) 


aovnonart 
x 


P 


, 2/3 
* [2+ @) vs | 


(29) 


23 


Which sJows thet tie retio is « function of the velo- 


city of cescent uni tne power losdin;. 
This reletionship is plotted in Figure 6. 


Ia e@ Spiral the pureseter K tezrs the seme rels- 
tionship to the turn thet K does in horizontal flicnt. 
K is always gre tvsr tren K tora dive anda the ratio 


or K, to K is « function o. V. 4s suown in equetion (29). 


A diving Spiral, twitertiore, alweye makés possible 
& Suerper ému & guicker turn trun cen be made in level 


flint wit tice seme airplene at tire same eltitude, 


B} comtindrg Fig. (3) Wend (4) with Fiz. (1) tite 


variations ino readius of turn and an.ular velovity with 


dive or climo mm be computed. 


CHAPTER IV 


Er#cCT OF FLAPS ON THU TURNING PERFORMANCE 


OF PROPELE: = DRIVeN AL PLANES 


The effect of tu: use oi Pleps on the turning 
verlorm nce of a propeller driven airpl:ae can be 
determined cy comperison o. tie polars oi tne sir- 


plune in tne flaps up and tlaps down condition. 


Tne ceiling af une alrvplene is at the altitude 


Wien 
a 
S | (14) 
eZ . 
Cp 


at cltitudes below lis ceiling K is grester thin 


tnis velue. 


But if 
; : eee a 
7 a e V/3 
c, 3 1/3 x a é 
es toe 
= C 
C a D 
D 


t 


the ef: pling habe nif~hee cellime Seta uw 11 we 


wn: Shee ; © . 1 z >” . > 4 ny t e < 2 
extended Quon with the Tlips reYraetoed. Tie is 


Tre ralius of tuPnoWith tlopS extenkei wiil 


. 


\- ts ae WA Ps) cose yond : $ 4. ~ mo = . “~ os 
he lees ery Rn Wlia o 3 ivs cy Me tae n Wi. LY aot £ dio Vo 3 Eee 


» 


m G 
x D, » e D 


ah as 
maxX K mi x 


they ripng $i1de 1s Shorym in ia ee (@). A -yrowre 
simil.ir uo fig. («) muss ve computed vor the L. 


“Ono. £i13n-. 


2 


dma K is leryge Li wiil «8 noted tna this is 


srincipali  « comparison of CC) maa va CG) Ma and 
T 


5 
: 


flips wiii xlwa’s desteas2® tne racius of surn. T 


ts true at Low ibtitudes. 


At high wltitudes win K “ecomes gmail flaps 


Mey Or May Nut De in advVAntaes. 


¢ 


The an,ulaz velocity with flsbsS extended will 


ve greater than the onguler veloelty without flaps 


ce ef : : 
4 Ne ca 6° 
a i L 


ss eee K - 
K Mies a D Mia 

Th: Fie did@ is “Sho®m in Fie. (3). A set of 
euarues similar ho ei:. (4) must *e eompuved for the 


L Sage POND Tor. 


At Large volug@s of K his .ecomes & -~pmouriscon of 


° maxX 





‘ond: ein vere"! wre: s. 


= i ; : ' 
bejveeddn (1) Gaede «tie reine € due 
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3 


of N Yor a viven wolue of K occurs when Ce 


”~ 


a2 
D 
is a m.«cimum. 


Thus une moximum sacceciar tion dors not ron 
incide with either the quickest or the shdrpest 
wins. [ne mpm ximum accelierm: tion oecurs 3% an 


” 


angie of avleck lower then the t lor the quickeet, 


The spved Lor tie meximum accetleriution is 


: ? ; ned Pn ae eee 3 
Tete: Union tae Speed for the s sroest for the 


Toe. Mes en.! the SAnroceek turns co not. 


plice Sng maximum $t?41in upor the «impl ne. 


A Beilliul ollot mag, therelurs:, octnin mitai- 
MUM Maneuvesdn Liv From his airpl«ene without su - 


jeviiny 14 .o the maximum siitass. 


Toe tazn of mo ximum norm:1l aceellerition as 


well 48 the quicx#&s, und snérpest Burns jor a org- 


pollu driven “irplins is shoga in fie. lu. 


CHAPTER VI 


CALCULATIONS “OK NON-STEADY TUFNS 


It the airplane is flown rrom level Plight 
into = turn a decelleration will result due to 
whe incrensed diag in the turn. <At the commence- 


ment of the turn this vores enn be c levlatec: 


d m 
T +42 @ = = 1 4 
- 5 9 CD) ; V (32) 
Luin 
the thrust cin be calculated from equation (1) 
2 
T=%2s¢ level V 
2 D 
solving tor the decelleration 
g d D qd 
ee -» cay & = ee I (33) 
4 2 Dy e D 
urn level 


from equition (2) the following can be written 


C 
L D - 


level} CG 


vc 
R level 


Gc 


NM 1 


level 
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CD 2 
L -* = gyre 
turn | ©. F D 
ie turn Suny 
£O. tiger 
C 
_ « : C D 
a == ~{Urn = = ie 33: 
¥ ty eames) C C (338) 
“level LOL 3 turn L level 
trom equution (30) 
C C 
a i g N aD a _D ‘ 
o e (33h 
L -+#urn L Jiavel 
ond from equation (31) 
Lf, Cy 
a= g [Kk C, - | == (330) 
turn C : 5 
L Lear 


This s'ows tu t the decellerition experienced 


neoan aivplune .3 ic is Ciown into 4: turn is a fune- 


vy 


tion oni: of the oower pirdmecer K, the oe and 
turn 
che | C at wonitn Lh was ‘eing rlown in level flivht. 


on 


For tne calculation of equition (33c) the 
values of CS in lével flight ond in the turn can 
pe obtained from Fig. (2). The co tor level flight 
will te the Co correspondin, to the C_ of level 


rlipht and can he obtained from the polir. 


Be 


CHAPT:x VII 


JET ALHPLANGS iN LEVEL FLIGHT 


Equetions (4) 


& jet alrolane,. 


Here 


Where t is 


and y ig ok 


en;ine is 2a 


{ 
pa. 
il 
'g) 


Vin ara 
corresponds 


airplanes. 


a constant if the engine is + 


ind (5} wiil now he solved for 


(33) 


rocket 


runction of the sir density, if the 


turbo jet. 


(34) 


je tie inverse thrust loiding and 


So the psrameter K for propeller driven 


Equations (4) end (5) >vecome 
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a 


Proceeding a8 ior the propelier driven airplane: 


Kauation (35) is analyzed by plotting the char- 


ucLui:ristic quantity 2 9 versus Cy fer 


vurious vilucs of EB antl 18 plottec in Fig. 6. 


z 


minimum KR correspomis to the m-ximum 


aad 
wD 


GC = Lt is advantapeous wo tly «at the volues 


of Ch 28 phown by the hervy line on the yooh. 


The velue of o¢ which is just sulfictent vo give 
a zero velue to the characteristic quantity at its 


maximum corresponds to the minimum & ror flight 


3d. 


so thot the nirplane can just miintsin level 


flight if it 1s flown at| © when * is the B 


D m4x 


of minimum tlirght. 


T’.2 maximum velue of tis churactaristin quant- 
Uy en we foun. oy dietorentiavineg it eatin respect 


5 Cy and sething the resul: esquil io zero. 


2 
d C 2 Cy 
D B 
ao 
;  «€£D a 
2 C. Ce ; =e) 
B 
n= zeD eee eaten 1/2 
Cc, Cc ! 
LL 


Thug 28 2} increases C approaches zero and 


the asymptote ot the curve of mi ximum vslues of the 


ehiuracteristic quantity is the line corresnonding to 


C, = 0, the stull point. 
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ny @ prnetical matter, agince the stnuli covers 


& region, lor values of 4 above .3 the minimum v::iue 


of K miy 58 considered at the stell. 


No mutter how Llarys¢ bacomes the meximum vilue 


of the churnctsrisbtic auantit; cenMot eke 'ed c*. 


Thus tor large values of b equation (35) reduces to 


equation (lle) 


; Ws 


| at. 


d 
- ¢€C¢ 
Z : L 


nnd the s-mée conditions octiuin as tor 2 propeller 


Ariven 4iroliune. 


The quick+sst turn as represented |. equetion 
(26) may be anslvaed by plotting its charscteristic 
quantity, 3 Ce Cy 
Ch 5 


Versus Ch Lor verious 
vilues of Boumiais snown in fla. 9. 


Since the m.ximum w corresponds +>. the maxi- 
num aliue 6f | & Ger C it is save ntageous to 
va SF £ a D 


c.g 


fly at the vilugs of Cy 28 shown on the he.v« line 


° 


on the graph. 


36 


The yvelue of Bo at weich th “impkine Gan just 


miintsin level flicnt is 


C 2 
C 
Sok: Delia 3 (ay) 
Ch B 
ay ib 


£5 weg ocvtcined trom minimun r:dius consider.itions. 


T..82 midimumM@ race OL Lirn occurs when 


C e C 
ee =. Ls & Miximum 
C 5 


D 


or when 
2 
t 
7 Cy GC Cy = Ch b 
eS eee ee aan ae) 
G t., x 
D 
Z 
: oH Wa 
red), VCR ea ene 
Cees ee 
ees © Cy 


Bi! 


Thus 43 4 increases (2 es C, Cy - C,*) 8 iprosches 


2670 inl the asymptote o. t1° curve be the line corres- 


poniin.: to 


~C*%=) (ee ) 


D = =m) if 


woied is the point on the pol:r: where | --- reRehee 
its maximum vilues. 


Sines SH ie rixed for: given c.irpleine the est C 
D 


and thus the vest angle of atexuck Yor te 2 quickest and 
the sharpest turns is fixed. These inel«s of stteck are 


“eal 


not funetion& oF “ir den’ity or spec. 


Tne radius of turn of « jew airolone srom eauition 


(35) is seen to .2@  funssion ©. wins lomding, wli«ijude, 
thrust louding, until the ol tly dyoli.r. Por like @ 


we Piittlus of turn is @ LPunetion of Win, Lpadings, gel ti- 


* a =. 


ad 
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Th@ Angular velocit, of turn of & jet wirpisane 


from egue*ilon (3:.) is seen to be a funttion of wine 


temCin®, wtititie, thrust lomiiaig, any¥ th- .ormm of 


ait Py . - oe 4 aie - 7 e . . a7 “1 4 £ ~ . 
ie 00.2. “ser dag Hoe wins veaocit > is 


PONG. oOn On ol Wn, Lovdimg, .ltitude, thrus? low- 


=) 
ing and Ces 


For lirge 4 equation (3+) reduces to 
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CHAPTz! VIII 


EFFECT OF FLAPS ON THR TolNING P2rirRMANCE 


Or Jat Ale PLANas 


The etfeet of t.- use of Plaps on ths turning 


oerformince os tre jet sirpl.nme conn be cete: mined 


> 


by comparison of wie polars of the xilrpl-ne in the 


*' 


ti“) 


lsps uo and flips down condition. 


fre ceiling of 4 jet wirplane is 7% the alti- 


tude whens 


C (38) 


aS altitudes below the callin. B is grester thin this 


veitue a 


£0 


pat Loses 


= > 2 


Te eirpline Ans @ higher cliling With flaps 
extended th nwits fleps retrec:ved. This is rwre}y 


the nose. 


The riaius of tarn with rlaps extended will cs 


jesse umn the madius of turn :ithout fl pe, if, 


Tie right side is plotted? in ris. (8). A ser 
of curves simil<r to Pig. (8) must a computed for 


the £ls oped condi*ion. 


foen k is large th- scompsrison 1s princip.ll’ 


one at C VB Ce end Llnos will alwa 
i max max 


of, 

¢ 

o 
{> 
i 


Cre: 


fhe Tages of wen.  Faaeis true 3: 2oe Beti- 


7 
wr 
© 
C 
. 


tudes. 


ia 


At high aititudes whore -ecomes umsll flaps 


Mi or meyv not bo un sdvantage. 


The ungulir velocity with Pleos extended will 


se pvremier than ti: angular velocity witwout flips, 


if 
2 
C. C Cc * 
y te eek, 
C g 8 
D ~ mcd oD 


mix 


The right side is plotted in tip. (9). A set of 


curves similar to Fig. (9) must «< computed for the 


wv 


flepoesd condition. 


At large velues ol B this ceduces to a compari- 


son between 


2 
G 2 
she ve f SL 
Ch C 


8 max p nax 
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CHAPTER IX 


JET ALAPEA rs TF A SPI IAL 


Tie Considerdhicnse o: tee ,»pepter 1L uede of thé 


epiral win leed to equ:tion (73) are velic: 


jet drive. sivpl ne. 


T+ WY sin & 


Using equacions (44) «nm. (34) end eolvia, 


vr, 
‘ on of = > @ 
T+ Wein &, Fa SV Cy Le 
Ve 
Siti Ay = ae 
V 
~ = T, = WB Lire. 
d 
ae 
T+Wsi. A, Fa 5 V Cy 


- tr 


wD 


(24) 


(24) 


‘3 


yee 


f= 


_B. Y= ae = Q (4) 
5 


C.. BEC 


+ 
‘ 


ny 


solving the cubic and reatrictins, Vv, to smell velues. 


ya | she | 1/2 
a ft/sec (2) 


gE Cy 


T+ W Sin Ay WE+WYV V 


aah SO 0de TUS C08 ee Gay code ent ote ene OD pea oO Bp Sa ie + Sea 


YW cos Ay V V 


We DA oh cme ie te he ee ee 


lf? 
y. a § 
= + ¢ eae = — 2 


3 
a. 1/2 , Reo 2 PRE C S 
¥ « i = 
we 2 


on yy Oe 
re) | (A) 


aed 


1 
Fa (Ole Oe oe 4 q we: eh Ol 6 oO me tm 0s “~ 


en gue eet Bere 


Ld, 


\ 


Equation (23) becomes for the jet airplane 


a 
(x g) D 2 
| Se So 
ac 
Og 


Where B bears the same reletionsalp to % in 


spiral turn as B does in @ horizontal turn. 


Similarly for w 





WB | Ve 
a d Cues 
fem SL 
“ u/s 
f “ 
d 2] 12 2 
| ae | 5 bo, Dy 
= ie 3 * 
w/8 C 


(52) 
@ 
oy V2 
Cp 
PL 
red/sec 
(52) 
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CHAPT: RH X 


CONCLUSIONS 


- 


js That the turning performance of oirplinss 


engryed in miizitar- monsuvers at Pull power can 


oq” 


we Newt degerived in ters Sf the conceots of 
shirpess turn «nd guickast vurnjy und Ui... sirpiane 
velocity does not enter ints the unsic-sis since in 


fuli power Tlight 18 is no” suDpect “Se Girerct con-— 


tre. 
ae Tit insot.2 «8 depign of a Tighter: iirpiane 


is sconeernac wing lo-cding and wre iri of the wings 
“x 


aré the iietors o. primar’ igportunce in infiuencing 


turnin: perlormance, 


De Thiet power lewding, or thrust lowdin® hes a 
very minor inlliuen vs on radius of turn; end thet at 
altitucves below 19,000 feet vor orevenst dus Lighters 
the radius 9: turn woule se cescrersed - ne,vlipitie 


amount oor tie additaan of unlimited engine ower. 
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Le Thut ungulir velocity of turn does depend 
on power loading or thrust loading as well as wing 
londing and the lift to dragz characteristics of the 


wings. 


oe That th: turning performance ot \irplanes 
deteriorates with increasing «altitude <iue to che ce- 
creased density of th. air reducing the lift of the 


wings and power of the en,ine. 


Ne That the pilot influences tue turning, 9erfo:rm- 
ineomoue dia cit plane by his Selection of Gnele of ut 
wack in the Turnjeanid thst the optimum ingle af attack 
for given conditions oi power or thrust Loading and 2l- 


titude is shown in rigures 7,.3, 8, “ni %. 


Te Tnat the angle of attack jor optimum turning 
performunce di:fers between the sharnes*® turn and the 
quickes*s turn; it algo difYers Setwuen propell r driven 


and jut airpl:nes. 


8. The 4 a divin, spiral makes posoivle a sharper snd 
a quicker turn tnen can be made in level fli-htl; and thet 


for u climiin:, spir.al the reverse is true. 





9. That the effect of flaps on turning perform- 


ance can be predicted by comparison of the airplane 
polars for flapped and unflapped fiight. 

' 
1). That the turn of maximum norm:l acceileration 
and force on the airplane does not coincide with 
either the sharpest turn or the quickest turn but oc- 


curs at a lower anyle of attack and a vrenter speed. 





an. That the decelleration experienced by an air- 
piane as it is flown from straight flight into 4 turn 
is a function of the power parameter, the drag coef- 
ficient in the turn, and the iift to dray ratio at 


which it was being flown in level flight. 
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Figure 1 is a plot of the Parameter K versus 
Altitude vor a typical propeller driven airplane. 
The eurve represents fli,nt with tne en;ine at mili- 
tary power output. The ares under te curve repre- 
sents flicht with the power output of the en,ine 
less than militery power. The creak in the curve 


represents the effects of two stez,e supercnar,ying. 


PARAMETER K 





o 


ALTITUDE IN THOUSANDS OF FEET 


FIG. 2 
PARAMETER K vs ALTITUDE 
FOR 
TYPICAL PROPELLER DRIVEN AIRPLANE 


aL 


Figure 2 is & plot of tic characteristic Guant- 
ity for the sharpest turn versus tne dra, coefficient 
for # typicel propeller driven cirplsne. Curves are 
drawn for various values oi tl:e Parameter K end from 
them tue locus of tneir maximum values nas been de- 
termined. The locus indicates tne optimum fliyht con 
dition for tue airplane to tly at tre minimum radius 
of turn at any value of the perameter K. The resuits 
are given in terms of Ch and Must de converted to 
angle of attack by relerence to ile eirplune polar. 
Unitortunately, tre Ch versus angls ol atteck dxta on 


this airplene is not available. 


The asymptote o: tiie locus is tea velue oF Ch 


corresponding, to toe maximum velue of Cy 


The curves correspondin,, to K of .85 ena unlimited 
K jrsll very close tofetn i. Tais suows that insofer as 
cedius of tue sharpest turn io coucerned, power beyond 


tnet aveilatle at gee level megs Llittizs eviect. 


CHARACTERISTIG QUANTITY FOR SHARPEST TURN 


a2 


MAXIMUM 
FOR 
UNLIMITED 





Eng 2 
Cy (max) -— 
aie | 
O 0.05 0.10 ari 0.20 0.25 
DRAG COEFFICIENT Co 
lume: 
CHARACTERISTIC QUANTITY FOR SHARPEST TURN 
VS 
DRAG COEFFICIENT 
FOR 


TYPICAL PROPELLER DRIVEN AIRPLANE 


Fi,ure 3 is 4 plot ot tae cneract.ristic cuant- 
ity for tne cuickest turn versus tue dra: coefficient 
for « typical propeller driven sirpline. Carves cre 
drawn for various velues ol tue peremeter K and irom 

Lam the locus o. treeic murximum values nes been deter 
mined. Tre locus inudicetes tre optimum ili..ut condi~ 
tions tor the airploene to fl. et maximum aneulaer velo- 
city ol turn et any valve o1 tne parameter K. The re- 
sults are giver: in terms of C.. énu muse be concerted to 


D 


enyle oi attack by rererence to t.c eieplane polar. Un- 
ts : 


*~ 


Ue) 


fortunately, tie C_ versus tngle of attack dats on this 


D 


airplane is not availatcle. 


Tus asymptote o: the locus is tue velue o: Cy cor- 
p 
to C,. 


respondin, to tue mirxaimum value o. tas Tetio Cy D 


= 


CHARACTERISTIC QUANTITY FOR QUIGKEST TURN 


eS 





O O65 0.10 Gms © 20 0725 
DRAG COEFFICIENT Cp 


FilGr> 
CHARACTERISTIC QUANTITY FOR QUICKEST TURN VS 


DRAG COEFFICIENT FOR TYPICAL PROPELLER DRIVEN AIRPLANE 
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Figure 4 18 a plot of the mifidmum radius of turn 
vergus altitude for e typicel propeller driven eirplane. 
The #olid curve snows ine relationship with military 
power Output from tre engine. The dotted curve shows 
what would be the relationéhip 4f ihe power output of 
the engine were ineréased Without limit. Below 10,000 
feet altitude the two curves lle very close together, 
fugzine power is of minor impertance in determining the 


minimum radius of turn at altitudés below 10,000 feat. 


The asytiptote of the military power curve is 39,000 
feet altitudé, the absolute ceiling of tae actitel air- 


plené. The dotted curve extends indefinitely. 


MINIMUM RADIUS OF TURN, R, IN FEET 


3500 


3000 


2500 


2000 


1500 


MILITARY SS POWER OUTPUT 
FROM ENGINE 


UNLIMITED POWER OUTPUT 
FROM ENGINE (THEORETICAL) 





ALTITUDE IN THOUSANDS OF FEET 


FIG. 4 


MINIMUM RADIUS OF TURN 
VS 
ALTITUDE 
FOR 
TYPICAL PROPELLER DRIVEN AIRPLANE 


a4 


Figure 5 is «. plot o cL... maximum nn uler velo- 
citY of t.2n wersus @ltituse tor ¢@ typlcel propelier 
UCSVerm Mirol te. PAcept “of Ui di s.ontiouities ti< 
troduced ., Ss ine superctiergins, samgulur velocity 
nas an timott lines elicvisonsaip wit:: cltivuue in 
te re,ion woere tne locigs co. maximums is close +o 
toe asympiote (S ¢ Figurs 3). when ti. locus of max- 
imum corresponcs: to & lower value oi Cn tile “aipaler 


velovity arope Off Seprciv with altitude ce 1s gmro 


au 39,000 test, tas abwolute ceilin, o: wit tirplane. 


MAXIMUM ANGULAR VELOCITY OF TURN, W,IN RADIANS PER SECOND 


7 Za 

0.40 

. ON 

- a 

0.20 a 


- +h : 
On0S 
O S 10 aS 20 as 30 35 40 
ALTITUDE “IN” THGWSANS Ser FEET 


G5 


MAXIMUM ANGULAR VELOCITY OF TURN 
vs 
SETI) UE 
FOR 
(VICK PROPER EER DRIVEN AIR PEANE 


Do 


figure t ie we plot o. Uh ratlo o- the peramet: 

K to ine péerameterm K vereuvs vertical velocit, for & 
typicel propeller driven alrpleses. Two curves sre drawn 
LO BMOW tne relatiousiip at seu level aug et £5,000 Pret 
altituse wits militery) power cutput irom tac engine. A 
dive is 1. times as erltetive and a climb 1.0 times as 
@difiicult @t 0f,000 boem altittdve Umen gt Set level in 


so far €@8 tue paremeter K is concerned. 


"> 


From Flaure c cnu Pigures < and 5 it con we celcu- 
Jeted tht 4 dive of “00 ieetl pes second at 25,000 feet 
will decreuse tie: radius o. Lurn trom 1725 fee. to 1550 
feet end increase tue unguler velocity o. turn from .18 


radians per second to .«.0 radians per second. 


(Y3MOd AUMVLITIN) JTLLOMHL WINS LV ANVIdYIV NAZAIYO 
Y3STWdONd AWIldAL WV Os ZA ‘ALIOONSA AvolLHaA ss 4 olive 
9 °9l4 m 
~«———_———- NMOQG Jd ——— 


(ANOO03S Y3d 13345)°ZASALIOOISA AVOILYZA 
O00 Oo¢ 002 O01 O OO! 00z OO€ OO0r 
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Figure 7 is a plot o: tv pirameter B, tie 
inverse thrust loudin,, versus eltitude for a2 typi- 
cal turto-jet airplane. The curve ~opresents tlisht 
with the en, ime at militery power outsut. ‘Ine crea 
under th- curve represents Sli ut wius vie power oute 


put of te g@ine less ttn militccy pover. 


PARAMETER B 





ALTITUCE IN THOUSAND Sa Oma c Eo 


FIG. 7 


PARAMETER B vs ALTITUDE 


FOR 
TYPICAL TURBO-JET AIRPLANE 
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roiyges ti Ue cme er 7 ofl teen wie te lore t 

Uteir maxigudm vél'ias ect (yh uetegalnee., Wie Locum ine 
e Re a = 2a . Jahon i * ‘ a e Ta 

Sicates tm optimum pllest conalticona arc cule fli bene to 


ily tue walnine rédius of; thim at ons vsiue ol tee Saree 


a 


seter Be. Ine resulte are Elven in terme or Cy 


q 


Le converted to angle of attack by reference to the aire 
pleme polar. Ualortuneitely, tae GO, versu. ‘Lt SO) sneak 
ha 
Gata on Ube alvpieme be mol eveilatie. 
Tne esymptove o: uM locus is tus veiuc of oF Cori gx 


ponding vo tie maximum value of C 


* oF oy," pe 1 @ - , q : - aes ee 9 
Tre lou E& Cle yo ue on ne we OP. s aR let tA ‘. RAR de Ve a ue 


of URE ratio C. te Ti. ecorresponcs tow ewer gee le 


L D° 
of avteck tien Tor to+ propelier driven cirplone (Figure -) 


a oe 


where tne locus has its origin a. tbe seaimum value of wie 


z 
Pits oO CF La Cys 


QUANTITY FOR SHARPEST TURN 


CHARACTERISTIC 





MAXIMUM FOR 
UNLIMITED B77 


LOCUS OF 
MAXIMUMS 


OS 0.10 Gals Ce 
DRAG COEFFICIENT Gp 


5 


FIG. 8 


CHARACTERISTIC QUANTITY FOR SHARPEST TURN 


VS 
DRAG COEFFICIENT 
FOR 
TYPICAL TURBO-JET AIRPLANE 
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Pii@re JY is a BLO. 21 this ehanee teristic 
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